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摘  要
         
         
氮是海洋生物生长的必需营养元素，也是诸多海域初级生产力的主要影响因子。因
此，氮在海洋生物地球化学中起着至关重要的作用，它还会影响其他元素的循环过
程，尤其是碳循环。工业革命以来，人为活动对全球氮循环的威胁日益加剧，以至
于目前人为活动向海洋排放的氮通量已和生物固氮量相当。当前，地球氮循环的安
全运作阈值已被超越，这会导致不可逆转的后果。因此，科学家们越来越关注海洋
氮循环，旨在了解海洋氮循环过程对人为活动和未来气候变化是如何响应的。
本论文以九龙江口、长江冲淡区和西北太平洋(包括东海和黄海)为典型水域，研究
了不同形态氮同位素(硝酸盐氮氧同位素d15NNO3和d18ONO3，亚硝酸盐氮同位素
d15NNO2，溶解有机氮同位素d15NDON和颗粒态氮同位素d15NPN)的分布特征和关键
调控因子，展现了不同水域氮循环过程的差异性和复杂性。主要创新性成果包括：
(1)、九龙江口(夏季)：d15NNO2与1/[NO2&#8722;](亚硝酸盐浓度的倒数)的散点图
呈现非保守混合行为(N型分布)，表明受四端元混合影响而不是两端元。从九龙江
河口上游到中下游，存在氮循环过程的差异。在高浊度的河口上游，NO2&#8722;累
积和氨氮(NH4+)去除是由于氨氧化作用速率大于亚硝酸盐氧化速率。在河口中下游
，由于水体停留时间很短，生物地球化学过程的影响不显著。培养结果显示，与
NO3&#8722;(硝酸盐)和NO2&#8722;相比，浮游植物更倾向吸收NH4+，且仅当NH4+被
消耗到一定阈值时(0.6-5.0 umol L-1)才开始吸收NO3&#8722;。这是经典的生理论
，即NH4+的存在会抑制浮游植物对NO3&#8722;的吸收，这可能贡献于九龙江口
NO3&#8722;的保守行为。基于NH4+的吸收速率发现，当水体停留时间<1 d时，才能
维持河口中下游NH4+的相对保守行为。浮游植物吸收NO3&#8722;产生的氮氧同位素
分馏分别为8.4-9.6‰(15eNO3)和9.9-11.2‰(18eNO3)，这与硅藻吸收
NO3&#8722;产生的分馏系数范围相近，前人研究结果也显示硅藻为优势种。然而
，浮游植物吸收NO2&#8722;产生的分馏系数为1.9-5.0‰(15eNO2)，且15eNO2随盐
度的增加而减小，表明这可能对环境条件(盐度、底物浓度等)较为敏感。
(2)、长江冲淡水区(夏季)：结合三端元混合模型，发现长江冲淡水区
NO3&#8722;浓度及其氮氧同位素的观测值均偏离预测值，反映出NO3&#8722;的非保
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守行为。根据浓度差值与同位素差值的散点分布图，可将长江冲淡水区的氮循环过
程分成3区。区域1：靠近河口浊度大，以水体硝化作用和沉积物反硝化作用为主
，且后者贡献略大；区域2：外冲淡水区底层，以矿化和硝化作用为主；区域3：外
冲淡水区表层，以浮游植物吸收为主。
在总氮储库中，从浓度上，NO3–所占比例最高，DON(溶解有机氮)次之，PN(颗粒
态氮)最低；从同位素上，d15NNO3>d15NPN>d15NDON。d15NPN极小值出现在外冲淡
水区叶绿素高的表层，且与d15NNO3的差值为~10‰，暗示了存在同位素分馏。结合
颗粒有机碳同位素d13CPOC和C/N比值，发现PN主要来源于现场生产的海源颗粒物
(新鲜PN)，且佐证了该过程存在同位素分馏。中高盐区，DON呈现显著的去除，但
d15NDON变化范围较小(相对于d15NNO3)，这可能是由于浮游植物或微生物选择性吸
收小分子DON，而该过程产生的分馏又很小。
(3)、在西北太平洋(春季)：真光层内d15NNO3和d18ONO3的分布受控于浮游植物吸
收、大气氮沉降和硝化作用。受冷涡影响的站位，硝酸盐跃层深度以及d15NNO3和
d18ONO3同步变重的层位显著变浅(抬升)。B、K断面d15NPN随水深增加而增大，这
与PN矿化产生分馏有关，近表层因受大气氮沉降影响d15NPN偏轻。A4、A6、A8位于
暖涡边缘，硝酸盐跃层的抬升使其PN浓度偏高，50-100 m水层d15NPN比50 m以浅负
偏，则与侧向输送有关。
         
关键词：九龙江口；长江冲淡水区；西北太平洋；氮同位素；硝酸盐；溶解有机氮
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Abstract
         
         
Nitrogen (N) is a pivotal element in regulating marine primary productivity, and
consequently its availability affects on the sequestration of anthropogenic carbon
dioxide in coastal and marginal seas. Since the industrial revolution,
anthropogenic N inputs have been increased rapidly, which have a similar amount
of N as that of oceanic N2 fixation. Currently, the interference with the N cycle
have already transgressed its boundaries, leding to an irreversible consequence.
To better understand the feedbacks of marine N cycle on the antropogenic
influences and global warming, interests in the marine N cycle has soared in the
last decade.
To understand the N cyling in the Jiulong River Estuary (JRE), the Changjiang
river (CJ) plume and the Northwestern Pacific Ocean (NWPO), we measured the
concentration and isotopic composition of N speciation (nitrate: NO3&#8722;,
nitrite: NO2&#8722;, ammonium: NH4+, dissolved organic nitrogen: DON, and
particulate nitrogen: PN). The main innovative results incuded:
(1) In the JRE (Summer). A non-conservative pattern (N-shape) in d15NNO2
versus 1/[NO2&#8722;] scatter plot suggested the involvement of four end-
member rather than two end-member. Significant shift of N processes was found
across the environmental gradient in the JRE. In the upper estuary, where tubidity
was high, the highest ammonia oxidation rate (~20.43 umol L-1 d-1, 62-fold
higher than that of nitrite oxidation rate) contributed to the NH4+ removal and
NO2&#8722; accumulation. However, in the middle-lower estuary,
biogeochemical influences were insignificant due to the short residence time.
According to the incubation experiments of N uptake (under continuous saturated
illuminations), phytoplankton showed significant preference for NH4+ over
NO3&#8722; and NO2&#8722;. Obviously, the suppression of NO3&#8722;
uptake by NH4+ also contributed to the conservative behavior of NO3&#8722;.
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Basing on the significant NH4+ uptake (5.0-6.7 umol L-1 for 12-h-light:12-h-dark
cycle), the water residence time was required to <1 d to maintain the conservative
mixing of NH4+ in the middle-lower estuary. The isotope effect during
NO3&#8722; assimilation by phytoplanktong were 15eNO3=8.4-9.6‰ and
18eNO3=9.9-11.2‰, respectively, which were consistent with the assimilation by
diatom. However, the isotope effect during NO2&#8722; assimilation
(15eNO2=1.9-3.2‰) decreased with salinity, indicating that it was sensitive to the
surrounding environmental conditions (such as salinity and the concentration of
substrate).
(2) In the CJ plume (in Summer). Using observations of NO3&#8722;
concentration and dual isotopic composition across the CJ plume within a three
end-member mixing model, we found the deviations between the observed and
expected values for mixing alone, revealing the non-conservative behavior of
NO3&#8722;. Using cross correlations between concentrations and dual isotope
deviations, we identified three N transformation zones, which correspond with
separate portions of the plume. Nitrification and sedimentary denitrification
occurred near the river mouth, nitrification prevailed further offshore under the
plume, and finally phytoplankton assimilation in the outer surface plume (>100 km
offshore), where it was fueled by NO3&#8722; that had already been strongly
modified by microbial processes. Caution is required to derive biological isotope
effects in a plume using the initial NO3&#8722; composition of the freshwater
end-member.
In the pool of total nitrogen, the propotion of NO3&#8722; was highest, closed
followed by DON, and then PN. For d15N, they were in an order of
d15NNO3>d15NPN>d15NDON. The minimum value of d15NPN occurred in the
outer plume where with high chlorophyll-a (>20 ug L-1), associated with the
isotope effect during NO3&#8722; assimilation. By adding d13CPOC and C/N for
consideration, d15NPN showed obvious marine source yet influenced by isotope
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effect. Significant removal of DON was observed in the middle-outer plume, yet,
with less change in the d15NDON (–2‰ to 5‰). Selective assimilation of low-
molar-weight-DON by phytoplankton or microbial cells with little isotope effect can
partly explain the less variable of d15NDON.
(3) In the NWPO (in Spring). d15NNO3 and d18ONO3 showed a typical vertical
distribution as the mesotrophic ocean, which with highest values in the euphotic
zone. It was associated with the NO3&#8722; assimilation by phytoplankton,
atmospheric N deposition and nitrification. The depths of nitricline and
synchronous increase in NO3&#8722; dual isotope were uplifted in the stations
influenced by cold eddies. d15NPN increased with depth in the K transect and B
transect due to the isotope effect during remineralization. However, the lowest
values of d15NPN in the surface were associated with the atmospheric N
deposition. The highest PN values occurred in the Station A4, A6 and A8, located
at the edge of warm eddies, since the upper nutricline was uplifted into the
euphotic zone owing to the submesoscale upwelling. Note that, d15NPN in the
50-100 m were lower than that of <50 m, significant different from the patterns of
d15NPN in the K transect and A transect. It was attributed to the lateral trasport.
         
Keywords: Jiulong River Estuary; Changjiang River Plume; Northwestern Pacific
Ocean; Nitrogen Isotope; Nitrate; Dissolved Organic Nitrogen; Particulate
Nitrogen
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